Epigenetic Regulation of Autophagy by the Methyltransferase G9a
Amaia Artal-Martinez de Narvajas, a Timothy S. Gomez A utophagy is an evolutionarily conserved catabolic process in eukaryotes that involves lysosomal degradation of cellular components, including long-lived proteins and organelles. There are four main forms of autophagy: macroautophagy (referred to here as autophagy), selective autophagy, microautophagy, and chaperone-mediated autophagy (1) (2) (3) (4) . Autophagy serves as an adaptive response to protect cells or organisms during periods of cellular stress, such as nutrient deprivation. In addition, autophagy can participate in several cellular and developmental processes, including homeostasis, clearance of intracellular pathogens, and immunity (1) . Due to its fundamental importance for cellular survival, autophagy regulation has been implicated in several human diseases, such as cancer and neurodegenerative disorders (2, 5) .
Autophagy initiation involves the de novo synthesis of a double-membrane structure known as the phagophore, which ultimately elongates and closes to sequester cytoplasmic proteins and organelles, forming the autophagosome. The autophagosome subsequently undergoes a stepwise maturation process that culminates in its fusion with acidified endosomal/lysosomal vesicles, resulting in the degradation of its contents into useful biomolecules (2) . A screen of yeast mutants unable to survive under nitrogen deprivation characterized a network of autophagy-related (ATG) genes (6) . Mammalian homologues of these ATGs were later identified and shown to participate during distinct steps of autophagy. For example, microtubule-associated protein light chain 3 (LC3B) undergoes lipidation and is recruited to the phagophore, where it is essential for membrane elongation and closure. Several other proteins are also involved in autophagosome formation, including members of the WD repeat domain phosphoinositide-interacting ␤-propeller proteins (WIPIs) (7, 8) and the LC3B-interacting protein diabetes and obesity regulated (DOR) (9, 10) .
Although the cytoplasmic network leading to autophagy induced by starvation, hypoxia, or receptor stimulation has been widely studied (1) (2) (3) (4) 11) , the nuclear regulation that initiates and maintains the process remains poorly understood. In fact, while recent publications have just begun to suggest the role of transcription factors such as TFEB (1, 12) , E2F1 (1, 2, 13) , and FOXO family members (2, 14) in autophagy induction, the epigenetic mechanisms that control chromatin reorganization for transcriptional initiation during autophagy regulation are unknown.
Modifications of histone lysine residues represent one of the major mechanisms in epigenetic regulation of gene expression. Protein lysine methyltransferases (PKMT) catalyze the transfer of methyl groups to distinct lysine residues within histone tails, leading to silencing or activation of target gene promoters. Due to their function in these vital regulatory processes, it is not surprising that there is increasing evidence that specific members of the PKMT family participate in human diseases, especially carcino-genesis (6, 15) . In fact, the methyltransferase G9a, which is ubiquitously expressed in somatic cells, is highly expressed in a variety of human cancers such as leukemia (7, 8, 16, 17) and prostate (9, 10, 18) , lung (16) , and hepatocellular (19) carcinomas. G9a localizes to euchromatin in a heteromeric complex with G9a-like protein (GLP), a highly homologous methyltransferase. As predicted by its localization, the G9a/GLP complex usually functions to repress gene transcription, especially during embryonic development. In addition, several reports have documented a repressive function for G9a in the expression of rapidly regulated genes (20, 21) . This G9a-mediated silencing involves its ability to mono-and dimethylate lysine 9 on histone 3 (16, 17, 22) , epigenetic marks that are recognized by the HP1-dependent repressor complex (16, 18, 23) . Additionally, G9a/GLP can directly recruit DNA methyltransferases to promoters, resulting in the methylation of CpG islands and gene repression (24, 25) .
In the present work, we provide experimental evidence supporting the role of the methyltransferase G9a in the transcriptional regulation of key autophagy-related genes. Pharmacological inhibition or RNA interference (RNAi) of G9a resulted in increased LC3B gene expression and lipidation and increased p62 aggregation. In addition, we demonstrate that G9a associates with the LC3B, WIPI1, and DOR gene promoters and represses gene expression in a methyltransferase-dependent manner. Significantly, during physiological induction of autophagy by glucose starvation or T-cell receptor stimulation of naive T cells, G9a and its repressive histone marks were removed from these promoter loci, resulting in increased gene expression. Taken together, our findings have identified G9a as an epigenetic regulator of autophagy and suggest that inhibition of G9a-mediated gene repression is mechanistically important during the induction of autophagy.
MATERIALS AND METHODS
Reagents and plasmids. Reagents were purchased from Sigma unless otherwise specified. Antibodies against LC3B (catalog no. 3868), p62 (catalog no. 7695), AMPK (catalog no. 5831), pAMPK (T172; catalog no. 2535), ULK1 (catalog no. 4776), pULK1 (S555; catalog no. 5869), and pULK1 (S757; catalog no. 6888) were obtained from Cell Signaling Technology. Antibodies against G9a (catalog no. 3546-1; Epitomics), Atg5 (catalog no. NB110-53818; Novus Biologicals), ␥-tubulin (catalog no. T3526; Sigma), and human LAMP1 (catalog no. SC20011; Santa Cruz Biotechnology) were also used. Anti-CD3 (OKT3) was purchased from the Mayo Clinic Pharmacy. Anti-CD28 (catalog no. 555625) and anti-CD69-PE (catalog no. 10450) were from BD Biosciences. Antibodies against histone H3 (dimethyl K9; catalog no. 07-452), histone H3 (acetylation; catalog no. 06-599), RNA polymerase II (catalog no. 05-952), and c-Jun (catalog no. 06-225) were obtained from Millipore. Actinomycin D and rapamycin were from EMD, and annexin V was from eBioscience. UNC0638 was purchased from Sigma. Torin was from Tocris Bioscience, PP2 was from Calbiochem, U0126 was from Promega, and SP600125 was from InvivoGen. The GFP-Cherry-p62 construct was generated using standard molecular biology techniques. Full-length G9a was cloned from a pancreatic cDNA library and used to generate G9a⌬Set (encoding amino acids 1 to 971). The short hairpin RNA (shRNA) targeting sequences are available in Table S5 in the supplemental material. G9a cDNA was made resistant to shG9a#2 by mutagenesis and used to generate dual-suppression, hemagglutinin (HA)-and yellow fluorescent protein (YFP)-tagged rescue vectors as described previously (26 tamine. HeLa cells were transfected with 25 to 30 g of plasmid using electroporation (350 V, 1 pulse, 10 ms; BTX Electro Square Porator, ECM830). Primary human T cells were isolated from normal donor peripheral blood using RosetteSep human CD4 ϩ enrichment cocktail (Stemcell Technologies) and were grown in RPMI with 10% FBS and 4 mM L-glutamine. T cells were stimulated with plate-bound anti-CD3 and anti-CD28 (5 g/ml) for 24 to 48 h.
RNA extraction, cDNA synthesis, qRT-PCR, and profiler. RNA was extracted using the RNeasy minikit from Qiagen. To produce cDNA, 1 g of total RNA was processed with the Superscript III RT-PCR kit (Invitrogen) according to the manufacturer's instructions. Quantitative PCR (qPCR) was performed using the comparative cycle threshold (C T ) method with SYBR green PCR master mix from Applied Biosystems and the ABI Prism 7900TM sequence detection system. Experiments were performed in triplicate using three independent cDNAs. Primer sequences are presented in Table S3 in the supplemental material. The qRT-PCR autophagy profiler was from Qiagen and analyzed according to the manufacturer's instructions.
Immunoblotting. Cells were lysed with RIPA buffer (1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 150 mmol/liter NaCl, 50 mmol/liter Tris-HCl [pH 7.2], 10 mmol/liter EDTA, 10 mmol/liter EGTA). Cleared lysates were subjected to SDS-PAGE and immunoblotting using antibodies listed above.
Microscopy and flow cytometry. SU86.86 cells were grown directly on coverslips at 37°C and imaged using a Zeiss Axiovert or Zeiss 710 confocal microscope. For flow cytometry, cells were stained in phosphate-buffered saline (PBS) with 0.5% bovine serum albumin (BSA) with propidium iodide or by using antibodies for CD3, CD4, and CD69 and analyzed using a FacsCanto II with FACSDiva software (BD Biosciences).
Chromatin immunoprecipitation (ChIP). ChIP was performed in naive human CD4 ϩ T cells, isolated from human blood and stimulated with anti-CD3/anti-CD28, and pancreatic cancer cells (SU86.86) using the EZ ChIP kit (Millipore) according to the manufacturer's instructions. Briefly, after treatment or posttransfection, cells were cross-linked and lysed, and DNA was sheared to fragments of 400 to 700 bp by sonication (Bioruptor; Diagenode). Precleared chromatin was immunoprecipitated with the antibodies indicated in the figures, and DNA was isolated after reverse cross-linking for PCR. Primer sequences are presented in Table S4 in the supplemental material. 
RESULTS

Loss of G9a function induces formation of vacuolar structures and increased LC3B-II in a methyltransferase-dependent manner.
During investigations examining the effect of G9a inhibition on cancer cell proliferation, we noticed that transfection of cells with shRNA vectors targeting G9a resulted in the formation of large cytoplasmic vacuole-like structures in the pancreatic cancer cell line SU86.86 (Fig. 1A) . Biochemically, we noted that depletion of G9a by RNAi in HeLa cells induced LC3B-II formation that could be rescued by reexpression of wild-type G9a (see Fig. S1A and B in the supplemental material). Moreover, treatment with two chemically distinct inhibitors of G9a, YT-2-6 (see Fig. S1C in the supplemental material) and UNC0638 (27) led to the formation of LC3B-II in multiple cell lines in a time-and dose-dependent manner ( Fig. 1B ; also, see Fig. S1D to F in the supplemental material). In addition, both inhibitors resulted in the formation of vacuolar structures similar to those seen with G9a suppression (Fig. 1D, top) . Importantly, the addition of either G9a inhibitor at the concentrations that induced the vacuole-like structures did not induce apoptosis (see Fig. S1G in the supplemental material).
Since G9a functions to methylate histones and regulate gene expression, we investigated whether gene transcription was required for vacuole-like structure and LC3B-II formation following G9a inhibition. Consistent with this idea, inhibition of mRNA synthesis by actinomycin D reduced the characteristic vacuolar phenotype induced upon G9a inhibition and impaired LC3B-I expression as well as the formation of LC3B-II (Fig. 1D, bottom, and 1E) . Moreover, new protein synthesis was required, as cycloheximide also prevented induction of LC3B-I protein expression as well as its conversion into LC3B-II following G9a inhibition (Fig. 1E) . Additionally, as seen in Fig. 1F , reexpression of wild-type (wt) G9a rescued the effect on LC3B lipidation in G9a-depleted cells, while reexpression of a methyltransferase-deficient G9a mutant (G9a⌬Set) failed to prevent LC3B-II formation. Together, these findings suggested that transcriptional control by G9a represents an epigenetic mechanism that governs LC3B-I gene expression and the formation of LC3B-II.
G9a inhibition does not induce autophagic flux in the absence of mTOR inhibition.
To determine if autophagosome formation in response to G9a inhibition was dependent upon mTOR or AMPK, the key protein kinases known to regulate autophagy induction (28, 29) , we compared the phosphorylation status of ULK1 at Ser757 (mTOR site required for AMPK-ULK1 association) and Ser555 (AMPK site) upon treatment with YT-2-6, UNC0638, or torin (30). Although we observed more LC3B-II upon inhibition of G9a, we observed loss of p-ULK1 for both sites only with torin, not with YT-2-6 or UNC0638. Additionally, AMPK phosphorylation at Thr172, which was previously shown to increase upon mTor inhibition (31), was increased with torin but not G9a inhibitor treatment ( Fig. 2A) . In order to determine whether autophagosomes induced upon G9a inhibition utilized the canonical pathway for formation, we examined LC3B-II conversion in ATG5-deficient MEFs, a key regulator of this process (32, 33) . As shown in Fig. 2B , LC3B-II generation no longer occurred in ATG5-deficient MEFs treated with the G9a inhibitor. Taken together, these data indicate that loss of G9a activity utilized the ATG5-dependent pathway of autophagosome formation but did so independently of mTOR inactivation.
The autophagy adaptor protein involved in recognition of ubiquitinated autophagy substrates, p62 (also known as SQSTM1), forms aggregates, is targeted to the lumen of the autophagosome, and is degraded along with cargos during the completion of autophagy (34) . Using confocal microscopy, we investigated whether p62 formed aggregates and localized with lysosomes in response to G9a inhibition. Significantly, G9a inhibition resulted in the aggregation of p62 that partially overlapped LAMP1 (Fig. 2C) . We therefore examined p62 levels in order to assess autophagic degradation of p62 following pharmacologic inhibition of G9a. Upon YT-2-6 treatment, we observed a slight but reproducible increase in p62 protein levels, whereas torin or rapamycin treatment led to p62 degradation, indicative of autophagic flux (Fig. 2D) . However, when YT-2-6 was cotreated with torin or rapamycin, p62 was degraded (Fig. 2D) , suggesting that G9a inhibition alone is insufficient to drive the autophagic process without concomitant inhibition of mTOR. We next examined whether the accumulated p62 entered the acidic autophagosome lumen using a dual-tagged mCherry-GFPp62 biosensor, an approach previously utilized to examine LC3B autophagic flux (35) . Consistent with the observations that G9a inhibition could promote p62 aggregation but was insufficient to promote autophagic flux, we found that GFP-mCherry-p62 aggregated in YT-2-6-treated cells but did not enter the acidic lumen efficiently, since the p62 aggregates contained both mCherry and GFP fluorescence (Fig. 2E ) (GFP fluorescence is quenched within the acidic environment of the lysosome). However, consistent with Fig. 2D , dual treatment with YT-2-6 and torin resulted in the entry of p62 into the acidic autolysosome and subsequent p62 degradation (Pearson's colocalization coefficients: for dimethyl sulfoxide [DMSO], 0.96 Ϯ 0.05; for YT-2-6, 0.9 Ϯ 0.07; for YT-2-6 plus torin, 0.55 Ϯ 0.13) (Fig. 2E and F) . Taken together, these data suggest that G9a inhibition alone, while sufficient to induce LC3B-II lipidation and p62 aggregation, is insufficient to drive autophagic flux.
G9a regulates the expression of genes involved in autophagosome formation and the process of autophagy. Since our data point to a role for G9a in the epigenetic regulation of LC3B accumulation and lipidation, we decided to determine whether G9a might be involved in the regulation of genes involved in the autophagic process. To identify G9a target genes, we screened the autophagy profiler from Qiagen. Interestingly, G9a inhibition increased expression of LC3B and p62 (3, 36) (see Table S1 in the supplemental material). Other autophagy genes were also upregulated, including ATG9B, GABARAPL1, GABARAPL2, BNIP3, and UVRAG (see Table S1 ). Additionally, and consistent with our immunoblot results, LC3B mRNA was substantially increased after pharmacological or genetic depletion of G9a (Fig. 3) . We also examined the expression of other genes (not present on the autophagy profiler) known to participate in autophagosome formation. Significantly, DOR (diabetes and obesity regulated) and WIPI1, which regulate autophagosome formation in different organisms (7, 9, 10, 37), were significantly upregulated upon depletion of G9a (Fig. 3A) . Additionally, inhibition of G9a induced the expression of LC3B, WIPI1, DOR, and p62 in a concentration-and time-dependent manner starting 1 h postinhibition (Fig. 3B to D) .
G9a associates with the LC3B, DOR, and WIPI1 promoters. Since LC3B, DOR, and WIPI1 are evolutionarily conserved throughout eukaryotes and participate in autophagosome formation, we focused on these three genes for further analysis. To examine G9a-dependent epigenetic regulation of these genes, we mapped the corresponding target gene promoters for G9a association in chromatin immunoprecipitation (ChIP) experiments (Fig. 4A) . We found G9a to be associated with all three target gene promoters in a region near the transcriptional start site (Fig. 4B ). Upon G9a inhibition or knockdown, we detected a reduction in G9a-related H3K9me2 and an increase in RNA polymerase II binding at the corresponding sequences (Fig. 4C to G) . Importantly, while reexpression of wild-type (wt) G9a in G9a-depleted cells rescued H3K9me2, suppressed H3K9ac (a mark of active gene expression), and decreased RNA polymerase II binding, reexpression of G9a⌬Set failed to rescue these chromatin changes at the LC3B and WIPI1 promoters (Fig. 4E to G) . Consistent with these G9a-dependent modifications of the chromatin landscape, reexpression of wt G9a in G9a-depleted cells suppressed LC3B and WIPI mRNA expression, while reexpression of G9a⌬Set did not (Fig. 4H) . Interestingly, recent genome-wide ChIP-sequencing (ChIP-Seq) analysis in Drosophila melanogaster following depletion of G9a showed a loss of H3K9me2 at the promoter regions of the homologues of LC3B, DOR, and WIPI1, suggesting that these genes are conserved G9a targets in human and Drosophila melanogaster (see Table S2 in the supplemental material) (38) . Taken together, these results indicate that direct G9a-dependent chromatin modifications occur at genes involved in autophagosome formation. Nevertheless, analysis of microarray data from G9a-deficient MEFs did not reveal increased expression of these target genes (39) . This disparity might be explained by different expression patterns of critical demethylases, which are required to remove methyl marks from these gene promoters. 
G9a is regulated during physiologic induction of autophagy.
We next investigated the role of G9a during exposure to two physiologic stimuli that induce autophagy. Nutrient starvation leads to inhibition of mTORC1 and as a consequence triggers autophagy induction. As expected, upon starvation, we detected an increase in LC3B protein expression and lipidation (Fig. 5A ), which was reflected by an increase in mRNA expression of LC3B, as well as an increase in DOR and WIPI1 mRNAs (Fig. 5B ). G9a association with LC3B, WIPI1, and DOR promoters was diminished following starvation (Fig. 5C ), which was accompanied by a reduction of H3K9me2 (Fig. 5D ) and increased RNA polymerase II binding (Fig. 5E) .
The specificity of the LC3B, WIPI1, and DOR promoter regulation by G9a is outlined by time course experiments comparing drug-related effects and starvation-related effects on marker gene expression. Pharmacologic inhibition of G9a leads to a significant reduction in both G9a binding and H3K9me2 at the WIPI1 promoter in a dose-dependent manner (Fig. 6A) . G9a inhibitor treatment increased expression of G9a target genes which were related (LC3B and WIPI1) or not related (MAGE A1) to autophagy after 1 to 4 h posttreatment (Fig. 6B) . In contrast, nutrient starvation resulted only in increased expression of the autophagy-related genes (LC3B and WIPI1), while MAGE A1 expression was unchanged (Fig. 6C) . Consistent with the mRNA expression, G9a was removed from the WIPI1 and MAGE A1 promoters 30 min after treatment with the G9a inhibitor, with subsequent changes of the related histone marks (Fig. 6D) . However, nutrient starvation resulted only in G9a removal from the WIPI1 promoter with subsequent reduction in the repressive H3K9me2 and increase of the activating H3K9ac mark, while the MAGE A1 promoter remained repressed (Fig. 6E) . Taken together, these data suggest that starvation-induced autophagy leads to inhibition of G9a-mediated repression at the promoters of genes involved in autophagy.
In naive human CD4 ϩ T cells, for which the regulation of autophagy is an integral part of the activation program (40), inhibition of G9a led to LC3B-II induction in a dose-dependent manner (Fig. 7A) . Moreover, CD3ϩCD28 stimulation of naive CD4 ϩ T cells strongly induced LC3B-II conversion as well as increasing mRNA expression of LC3B, WIPI1, and DOR ( Fig. 7B and C) . We also found that G9a association with the LC3B, WIPI1, and DOR promoters was diminished following activation of naive CD4 ϩ T cells ( Fig. 7D and E) . Loss of G9a was followed by reduced H3K9me2 (Fig. 7F) , increased H3K9ac (Fig. 7G) , and increased RNA polymerase II association (Fig. 7H) at all three promoters. While G9a was removed from its binding sites on autophagyrelated genes, G9a protein levels were modestly decreased during T-cell activation or upon pharmacological inhibition (Fig. 7I) . Taken together, these data indicate that G9a-mediated gene repression is specifically reversed by physiologic stimuli that induce autophagy.
JNK activity is required to inhibit G9a-mediated repression of autophagy genes following naive-T-cell stimulation. Multiple intracellular signaling pathways are engaged during T cell activation. The Src family kinase LCK is the proximal kinase that links TCR and CD28 signaling to downstream biochemical pathways required for cellular activation, including MEK, c-Jun N-terminal kinase (JNK), phosphatidylinositol 3-kinase (PI3K), phospholipase C␥1, and protein kinase C (PKC) family members. To begin to elucidate the signaling pathways that couple TCR and CD28 ligation to the removal of G9a and the induction of autophagy gene expression, we treated naive CD4 ϩ T cells with pharmacologic inhibitors of these key signaling pathways. As expected, both LC3B and p62 gene expression were significantly increased following the stimulation of naive CD4 ϩ T cells treated with DMSO but not when cells were treated with the Src family kinase inhibitor protein phosphatase 2 (PP2) (Fig. 8A) . Interestingly, treatment with either the MEK inhibitor (U0126) or JNK inhibitor (SP600125) but not inhibitors of PI3K, PKC family members, or PLC␥1 impaired LC3B and p62 gene expression (Fig. 8A ) (our unpublished observations). Consistent with the gene expression, CD3-CD28-stimulated naive CD4 ϩ T cells showed increased protein expression of both p62 and LC3B-I as well as the generation of LC3B-II, both of which were prevented by pretreatment with either PP2 or the JNK inhibitor (JNKi) (Fig. 8B) . Moreover, ChIP experiments demonstrated that the loss of G9a and H3K9me2 at the LC3B and p62 promoters was dependent on LCK and JNK activity (Fig. 8C) . Lastly, as c-Jun is a known target of JNK in T cells, we examined the association of c-Jun with the LC3B and p62 promoters. As can be seen in Fig. 8D , upon stimulation of naive CD4 ϩ T cells, c-Jun binding is substantially increased at both promoters, and this induced association is prevented when either LCK or JNK is inhibited. Taken together, these data suggest that MEK-and JNK-regulated pathways are involved in coupling naive-T-cell activation to the expression of LC3B and SQSTM1. Moreover, our data suggest that c-Jun is recruited to the LC3B and p62 promoters in response to T cell activation, where it might participate in transcriptional regulation of these genes.
DISCUSSION
Herein, we show that the histone methyltransferase G9a represses the expression of genes involved in the autophagic process. Interestingly, pharmacologic inhibition or genetic depletion of G9a leads to the formation of LC3B-II, the aggregation of p62 and the formation of autophagosome-like structures. Moreover, our data suggest that in addition to cellular and transcriptional regulation of the autophagic process, G9a represses the expression of genes involved in autophagosome maturation under normal growth conditions. However, upon being subjected to physiologic stimuli that induce autophagy, such as starvation or activation of naive T cells, G9a is dissociated from specific target gene promoters, with subsequent dynamic regulation of the chromatin landscape-reduced histone H3K9me2 and increased histone H3K9ac-at these sites, leading to increased transcription of LC3B, WIPI1, DOR, and p62 to "feed" the autophagic process (Fig. 8E) . Taken together, these data point to a role for epigenetic regulation of autophagy by G9a and suggest that pharmacologic manipulation of G9a, or other epigenetic regulators, could impact this important cell survival process.
mTORC1 inhibition represents a key node regulating the decision to undergo the process of autophagy. Interestingly, inhibition of G9a was sufficient to induce LC3B-II formation, as well as the aggregation of both LC3B and p62. However, in contrast to mTORC1 inhibition, which induces autophagic flux (as measured by LC3B-II or p62 turnover), inhibition of G9a alone did not result in p62 or LC3B-II (data not shown) turnover, as measured by immunoblotting or analyzing the eGFP-mCherry-p62 sensor. Surprisingly, autophagic flux downstream of G9a inhibition still required mTORC1 inhibition, suggesting that inhibiting mTORC1 delivers a signal that leads to completion of the autophagic process. We propose that in the absence of this signal, G9a depletion or pharmacologic inhibition results in the increased expression of genes involved in the autophagic process, resulting in the formation of aberrant autophagosome-like structures that cannot undergo normal autophagic flux. Thus, G9a inhibition could be used to identify the signal(s) following mTORC1 inhibition that promotes autophagic flux.
Previous studies have identified several transcriptional regula- ϩ T cells were stimulated with anti-CD3/CD28 for 36 h and simultaneously treated with diluent (DMSO), PP2 (2 M), or SP600125 (25 M). Results in panels C and D were normalized to input and are relative to unstimulated control cells (mean plus SD). (E) Under basal conditions, G9a epigenetically represses the expression of LC3B, DOR, and WIPI1 through H3K9me2. However, following physiologic stimuli that induce macroautophagy (glucose starvation or T cell activation), G9a is removed from these gene promoters and silencing marks are lost from the indicated macroautophagy-related target genes. Acetylases, transcription factors, and RNA Pol II can then access these target gene promoters, resulting in increased transcription of these genes and sustained autophagosome formation.
tors of the autophagic process (12) (13) (14) 41) . We provide evidence that the TCR/CD28-stimulated signaling pathways that regulate the induction of autophagy gene expression involve both the Rasmitogen-activated protein kinase and JNK signaling cascades. Moreover, we show that c-Jun is recruited to the LC3B and p62 promoters following naive-T-cell activation. Whether c-Jun is recruited to the promoters of other autophagy genes following T cell stimulation remains to be determined. Recently TFEB, a gene involved in lysosomal biogenesis was found to coordinate the autophagy process through the regulation of autophagy and lysosomal genes (12) . Interestingly, TFEB phosphorylation at Ser 142 by ERK2 and mTOCR1 inhibits its nuclear accumulation, thereby preventing transactivation of its target genes (12, 42) . Significantly, expression of TFEB containing a S142A mutation led to its nuclear accumulation regardless of nutrient deprivation or inhibition of mTORC1 and ultimately resulted in an induction of the autophagic-lysosomal system showing increased numbers of autophagosomes, lysosomes, and autophagolysosomes (12) . We also saw increased expression of autophagy genes in response to G9a inhibition, as well as the formation of autophagosomes and swollen lysosomes (data not shown), suggesting that G9a might also be involved in lysosomal biogenesis, but this remains to be determined. In addition to TFEB, JunB gene expression is rapidly induced during nutrient deprivation, and it was shown that JunB depletion induced autophagy independently of nutrient deprivation or pharmacologic inhibition of mTORC1, whereas JunB overexpression abrogated LC3B aggregation and the onset of autophagy (41) . The ability of JunB to bind DNA was required to inhibit autophagy, thereby implicating gene expression as the mechanism by which it could suppress autophagy. It is of interest that JunB can function as a transcriptional repressor and, in several instances, JunB and c-Jun share binding sites (43) . It is therefore tempting to speculate that under normal growth conditions, JunB and G9a are both bound at autophagy gene promoters and that under conditions that induce autophagy (nutrient deprivation or naive-T-cell activation), both proteins are displaced, allowing chromatin remodeling and the binding of transcriptional activators such as c-Jun and TFEB to sustain the autophagic process.
The induction of autophagy not only leads to the degradation of proteins and organelles to produce the necessary biosynthetic components for survival but also results in the degradation of proteins required to maintain this catabolic process (e.g., LC3B and p62). Thus, in order to sustain autophagy during prolonged periods of cellular stress, transcription of genes involved in this process needs to be increased. Consistent, with this, we show that G9a is bound at the promoters of the LC3B, DOR, and WIPI1 genes and that upon starvation or stimulation of naive T cells, G9a and its repressive marks are removed to allow increased expression of these genes that will be utilized to sustain autophagy. Interestingly, G9a regulation of autophagy genes may be evolutionarily conserved, as several of the genes we found to be induced following G9a inhibition were also identified in Drosophila melanogaster following ChIP-Seq for G9a-regulated genes (38) . Moreover, the loss of G9a from the LC3B, DOR, and WIPI1 promoters in response to autophagy induction appears to be gene and/or promoter specific, as neither G9a binding nor H3K9me2 was removed from the well-established G9a target MAGE A1. This is an important observation, as it suggests that there is sequence-specific inactivation of G9a and not just a global loss of G9a-mediated repression in response to nutrient deprivation. Clearly, the identification of additional transcriptional repressors, including transcription factors and other epigenetic modifiers, will provide further insight into how these genes are specifically regulated during autophagy induction. Lastly, our study supports and extends recent findings of G9a-dependent simultaneous decrease of H3K9me2 and increase of H3K9ac (44) and links this type of regulation to autophagy.
In conclusion, our data identify G9a as an epigenetic regulator of autophagy that participates in the repression of key genes involved in autophagosome formation under normal growth conditions. Future work aimed at understanding the sequence-specific recruitment of G9a to these promoter elements, as well as the identification of the signaling pathways engaged by starvation that lead to G9a removal from the promoters and the subsequent epigenetic changes which drive gene expression, will be important. Uncovering these pathways could reveal novel therapeutic targets to either enhance or prevent the induction of autophagy.
